ABSTRACT: This paper explores the dynamics of a highly rotationally and vibrationally excited radical, CD 2 CD 2 OH. The radical is produced from the 193 nm photodissociation of 2-bromoethanol-d 4 , so it is imparted with high angular momentum and high vibrational energy and subsequently dissociates to several product channels. This paper focuses on characterizing its angular momentum and modeling its effect on the product channels, including the HOD + vinyl-d 3 product channel resulting from a frustrated dissociation of the radical originally en route to OH + ethene-d 4 that instead results in D atom abstraction. Our impulsive model of the initial photodissociation shows that, for some cases, upward of 200 au of angular momentum is imparted, which greatly affects the dynamics of the competing product channels. Using a permutationally invariant potential energy surface and quasiclassical trajectories, we simulated the dissociation dynamics of CD 2 CD 2 OH and compared these results to those of Kamarchik et al. (J. Phys. Chem. Lett. 2010, 1, 3058− 3065), who studied the dynamics of CH 2 CH 2 OH with zero angular momentum. We found that the recoil translational energy distribution for radicals that dissociated to OH + C 2 D 4 matched experiment closely only when high angular momentum of the initial radical was explicitly included in the trajectory calculations. Similarly, the rate constant for dissociation changes when rotational energy was added to the vibrational energy in the initial conditions. Lastly, we applied the sketch-map dimensionality reduction technique to analyze mechanistic information leading to the vinyl + water product channel. Projecting the ab initio intrinsic reaction coordinates onto the lower dimensional space identified with sketch map offers new insight into the dynamics when one looks at the simulated trajectories in the lower dimensional space. Further analysis shows that the transition path resembles a frustrated dissociation of the OH + ethene radical adduct, followed instead by branching to vinyl + water when the leaving OH group encounters a nearby D atom on the ethene moiety. This characterization is in accord with the one made previously. We show that the transition path bifurcation between the two similar channels occurs at carbon− oxygen distances and oxygen-abstracted deuterium distances of 2−2.5 Å controlled by the C−O−D bond angle with large angles preferentially branching to the water plus vinyl product state. The experimental branching ratios were not reproduced by theory, however, due partly to the insufficient quality of the fitted potential surface. We also have evidence of a minor product channel, HD + vinoxy-d 3 , from our molecular dynamics simulations that allows us to assign the HD signal in prior experimental work.
■ INTRODUCTION
The unimolecular and bimolecular reactions that control atmospheric and combustion chemistry typically involve highly vibrationally excited radical intermediates. Even small radicals (8−12 atoms) have high dimensionality potential energy surfaces (PESs) that can result in numerous competing chemical reaction product channels. Recently, the study of the β-hydroxyethyl radical (CH 2 CH 2 OH) has been undertaken by many groups, using various theoretical and experimental means, building on kinetics measurements of the OH + ethene reaction. 1−15 This radical has been studied extensively because it represents the main addition adduct of the bimolecular collision between the hydroxyl radical and ethene, the simplest unsaturated hydrocarbon in the atmosphere. At high temperatures, early work concluded that hydroxyl radical reacts with ethene by abstracting one of the four equivalent hydrogen atoms, producing water and vinyl radical (R1), while at low temperatures the hydroxyl radical can add directly to the double bond of C 2 H 4 forming the β-hydroxyethyl radical (R2 In a bulk gas-phase experiment, if the CH 2 CH 2 OH addition product does not suffer many inelastic collisions, it can retain enough internal energy to dissociate either to OH + ethene or to several other competing product channels. We thus undertook a multiyear investigation of the unimolecular dissociation dynamics of CH 2 CH 2 OH starting from the brominated precursor, 2-bromoethanol. Klippenstein and coworkers previously calculated the stationary points on the potential surface of C 2 H 5 O at the RQCISD(T)/cc-pV∞Z// UQCISD/6-311++G(d,p) level of theory which clearly showed that the lowest barrier corresponds to dissociation to OH + ethene via a slightly stabilized, hydrogen bonded complex where the OH hydrogen is attracted to the partially negative region of ethene's π-cloud. 12 From there, the weakly bound system can break free from the electron-rich ethene to fully dissociate, or it can abstract one of the four hydrogens from ethene. The first process is lower in energy by approximately 6 kcal mol −1 ; therefore, almost all nascent radicals should preferentially dissociate to this lower energy channel. However, after probing this system experimentally, we reported roughly 14% branching to the water plus vinyl channelquite a surprising result which disagrees with RRKM predictions of less than 1%. 16, 17 As with many reactions involving hydrogen, this large, unexpected contribution was originally attributed to tunneling effects. To investigate further, a similar study of the deuterated precursor, 2-bromoethanol-d 4 (BrCD 2 CD 2 OH), was undertaken. If dominated by tunneling, the branching fraction to the water plus vinyl channel would be expected to decrease for the deuterated precursor. Somewhat surprisingly, however, the branching was similar, roughly 20% of the total product signal. 18, 19 Since tunneling effects were effectively ruled out because the branching to water + vinyl did not decrease, we are reexamining our analysis of the system. When the photodissociation event occurs, the repulsive force between the bromine atom and the carbon atom in the radical moiety impacts far from the radical fragment's center of mass. This causes the radical to rotate, so the radical is formed with a large fraction of its total internal energy stored in rotational motion. Therefore, the vibrational energy, which in a simple treatment might be assumed to be the only "usable" energy to surmount dissociation and isomerization barriers, is lowered considerably. In a more detailed treatment, one recognizes that it is not rotational energy that is conserved during the dynamics but rather angular momentum. Similarly, the added constraint of high angular momentum (high J) can drastically change the effective potential landscape when one adds the rotational energy, which changes the relative energetics of barriers en route to the product channels. We recently developed an impulsive model to predict rotational energy partitioning based on the experimentally derived translational energy distribution of the departing halogen atom. 18 This model is refined here to include the full inertia tensor of the dissociating radical species.
In 2010, Kamarchik et al. reported a permutationally invariant potential energy surface to study CH 2 CH 2 OH and its various isomers and product channels using quasiclassical trajectories. 20 The surface was formed by fitting over 50 000 ab initio data points at B3LYP/cc-pVDZ and CCSD/cc-pVDZ levels of theory to a permutationally invariant polynomial basis. While for most geometries B3LYP provided an adequate estimate of the potential, the stationary points on the PES were calculated using CCSD/cc-pVDZ yielding higher accuracy near those points. The main results reported show an unexpected "roaming" pathway leading to water and vinyl radicalvery similar to our experimental studies. Although this PES does not fully reproduce the experimental results, giving only a 1% branching to the water plus vinyl pathway, we believe it still captures many of the underlying physics in the dissociation process. In order to more accurately model the conditions of our experiments, we have undertaken a similar study. In contrast to their J = 0 au study, where the angular momentum was explicitly removed, we ran a series of trajectories with angular momentum determined by our impulsive model. Not only would these trajectories be a better model of our experimental conditions but also we expected that the addition of rotational energy might change the relative energies on the effective PES thus leading to a higher water plus vinyl branching fraction.
Much work has been done in past years to understand the mechanistic motions leading to roaming pathways and frustrated dissociations. Bowman and co-workers have done important work in this area, mainly focusing on identifying closed-shell and radical systems with large contributions from roaming pathways, such as hydrogen formation from formaldehyde. 21 For some systems, they have determined that the departing fragment must depart sufficiently slowly to be "trapped" on a flat portion of the potential energy surface, allowing the two fragments to sample a large number of relative orientations until the two either completely separate or a lower energy pathway is found resulting in new product formation. Traditional transition-state theories (e.g., RRKM) cannot adequately model such a process; even steepest descent transition-state searches fail to properly classify transition states as many of these roaming pathways represent bifurcations in phase space. 22, 23 Due to the complexity of such processes, new techniques must be used to analyze the molecular dynamics data.
The scientific community has increasingly been relying on atomistic simulations to uncover underlying dynamics and mechanistic motions explaining various chemical phenomena. However, understanding such data usually requires keen chemical intuition and years of experience. Although visualizing the trajectories yields excellent information, it becomes intractable, as many thousands of trajectories are required to uncover statistical properties. Additionally, as the complexity of the systems increases, dimensionality reduction techniques become increasingly important to analyze the data sets recovered from trajectory simulations. These methods have been applied to vastly different systems with varied success depending on technique and molecular process. Largely, these methods can be classified as either linear or nonlinear. Linear techniques require the relevant underlying data set (ddimensional) to lie on a linear subspace of the full (Ddimensional) space (i.e., the subspace is a Euclidean space in ddimensions). The most commonly used linear reduction technique is principal component analysis where the principal components are given by the eigenvectors corresponding to the largest eigenvalues of the covariance matrix, themselves being 26 and diffusion map, 27−30 of which diffusion map has shown the most promise as it is the most robust to noise and applicable to many different processes.
There are several challenges associated with dimensionality reduction methods when applied to atomistic simulations. The methods described above require that the subspace lie on a global Euclidian surface or one that locally transforms as Euclidian space for some neighborhood of points surrounding each point of interest. These requirements are hard to reconcile with some aspects of chemical motion. In fact, the vibrational motion of the molecule associated with thermal fluctuations is intrinsically high dimensional and leads to heavy sampling of the wells on the potential surface. As the molecule follows a transition pathway from one well to another, the sampling of data points is poor compared to the longer time fluctuations within the basin. The poor sampling buries the important reaction pathways connecting one basin to the next, making it difficult to uncover the underlying dynamics.
Sketch map, a new method introduced by Ceriotti et al., 31−33 was developed specifically to deal with large dimensional data sets from molecular dynamics trajectories and to combat the problems listed previously. This technique has recently been applied to study the complicated free energy surfaces (FES) of polyalanine-12, as well as the structures of both 38 atom and 55 atom Lennard-Jones clusters with much success. In this paper, we apply sketch map to uncover mechanistic information about the dissociation of CD 2 CD 2 OH to form vinyl (C 2 D 3 ) and water (HOD). We show that sketch map can be a powerful method to uncover dynamic processes of small molecules of atmospheric importance and used to understand novel reaction mechanisms. Similarly, we have used this technique in conjunction with ab initio calculations of the stable points and intrinsic reaction coordinates (IRCs) associated with all pertinent product channels by projecting these calculated structures in the lower dimensional space and analyzing the mapping to uncover the pertinent dynamics.
■ THEORETICAL METHODS a. Impulsive Model for Rotational Energy Partitioning. We have previously introduced a modified impulsive model to approximate the fraction of the internal energy in the nascent radicals that is partitioned into rotational instead of vibrational degrees of freedom. 16, 34 This model is based on conservation of angular momentum during the photodissociation event and uses the fact that the precursor molecule has been rotationally cooled in the supersonic expansion of a molecular beam such that the total angular momentum prior to its photodissociation is zero; the total angular momentum of the photofragments following the dissociation must therefore also be zero. Hence the vector sum of the orbital angular momentum of the two fragments and the internal rotational angular momentum of the two polyatomic fragments must be the null vector. Note in the present case when one fragment is an atom the sum of the orbital and polyatomic fragment sum to zero. Orbital angular momentum is defined as J ⃗ orb = r⃗ × p⃗ , where r⃗ is the vector between the centers of mass of the departing fragments and p⃗ is the linear momentum vector. Here, p⃗ is assumed to be aligned along the breaking bond and has a magnitude proportional to the experimentally measured relative velocity. The rotational angular momentum is given by J ⃗ rot = Iω⃗ , where I is the inertia tensor of the polyatomic radical and ω⃗ is the angular velocity vector which defines the axis of rotation. The classical expression for rotational energy is E rot = (1/ 2)ω⃗ T J ⃗ rot . Solving the expression for J ⃗ rot in terms of ω⃗ T and inserting it into the above equation yield the expression
Early classic models for energy partitioning in photodissociation 35−38 implicitly assumed that the rotation takes place about one of three principal axes of rotation defined by the eigenvectors of the inertia tensor. In that case, ω has only one nonzero component, I is a diagonal matrix, and J is parallel to ω; thus, E rot simplifies to (1/2)J 2 /I, where I is one of the scalar diagonal entries in the matrix. This expression is typically reported as the definition of rotational energy; however, when the radical is rotating about some arbitrary axis of rotation, such as the rotation being generated by an impulsive dissociation of the C−Br bond in the photolytic precursor generating the radical, the general expression for E rot should be used. In particular, we may substitute the definition of −J ⃗ orb for J ⃗ rot to obtain a definition of E rot that is dependent on the geometry of the parent molecule and the experimentally determined recoil velocity between the halogen and the radical:
In this equation, I −1 is the inverse of the inertia tensor and is not a scalar.
From eq 1.1 it can be seen that rotational energy can be derived from the Cartesian coordinates of the precursor molecule, with J ⃗ perpendicular to the plane defined by the atom centers in the impulsively breaking C−Br bond (which gives the direction of the relative velocity vector) and the center of mass of the radical fragment in the precursor. However, our model also takes the additional step of considering the full range of parent molecule geometric configurations as it vibrates along its zero-point motion associated with the C−C−Br bending mode. Each configuration of the parent molecule will generate a slightly different amount of rotational energy, and our model adjusts the prediction accordingly. The model also considers how the rotational energy imparted to the radical during the photodissociation is changed as the radical undergoes subsequent dynamics, so its inertia tensor changes. In our prior study, 19 we photodissociated 2-bromoethanol-d 4 and measured the kinetic energy distribution imparted to the Br and CD 2 CD 2 OH radical fragments. We used the above model, but with I approximated by a scalar value, to estimate how that photodissociation (in which the parent molecule was excited to a highly repulsive state) imparted a large amount of rotational energy to the nascent radicals. In the same paper, we described how this rotational energy might influence the subsequent relative branching ratio between the OH + ethene dissociation channel and the H-abstraction channel to water + vinyl. We improve on that analysis herein using the full inertia tensor. translational energies and accounting for the full range of the C−C−Br bending motion in both the Tt (trans) and Gg (gauche) conformers of the parent molecule. One can see that the distributions peak at 136 and 180 au for the respective conformers, indicating that a great deal of angular momentum was imparted to the radicals. Free from external forces, angular momentum will remain constant, and rotational energy will adjust according to the inertia tensor while the total rotational + vibrational + potential energy stays constant. At any geometry on the potential energy surface we can calculate how the rotational energy has changed. Then, if we add the resulting required rotational energy to each potential energy along, say, the intrinsic reaction coordinate, we generate an effective potential energy along the IRC. Figure 2 shows an example of the effect of large J on two IRCs. by fitting over 50 000 ab initio data points to a permutationally invariant polynomial basis using B3LYP/cc-pVDZ for the majority of data points and CCSD/cc-pVDZ for those geometries in the vicinity of stationary points. The robustness of the surface was checked for reproducibility of all stable Figure 1 . (Top) Calculated P(J) for CD 2 CD 2 OH radicals generated by the photodissociation of 2-bromoethanol-d 4 in the Tt (red) and Gg (blue) conformers. The distributions peak at 139 and 180 au, respectively, indicating that a large rotational energy is imparted to the nascent fragments. The distributions are convolved over all precursor geometries along the C−C−Br bending mode, all possible internal energies of the parent molecule, and all possible translational energies from the experimentally determined distribution, as well as the 2 P 3/2 and 2 P 1/2 spin−orbit states of the departing Br fragment. (Bottom two frames) show slices of the distribution along certain internal energies of the radical, the red distribution corresponding to radicals dissociating from the Tt conformation of 2-bromoethanol-d 4 and the blue for the Gg conformation. The Supporting Information shows the distribution of J's imparted to the radical when the Tt conformer and the Gg conformer dissociate and partition 32 kcal mol −1 to relative kinetic energy, distinguishing the radicals formed in conjunction with Br( 2 P 3/2 ) vs Br( 2 P 1/2 ). . The black traces show the uncorrected IRC, calculated at the B3LYP/6-311+ +G(3df,2p) level of theory. The red and blue traces have been centrifugally corrected to account for the rotation of the nascent radicals formed from the Tt (red), J = 127 au., and Gg (blue), J = 175 au, conformers. This correction was obtained by calculating the moment of inertia tensor at each geometry along the reaction coordinate, using eq 1.1 to calculate how the rotational energy has changed, and adding that rotational energy to the uncorrected trace. It can be seen that the energy difference between the two transition states in the uncorrected reaction coordinates is over 5 kcal mol −1 , but it decreases to less than 2 kcal mol −1 in the blue trace, indicating that the large amount of rotational energy in the radicals causes the Habstraction pathway to be more likely. minima and transition states of interest; similarly, the curvatures of the reaction paths were analyzed for accuracy. Although the surface is not accurate enough to reproduce experimental branching ratios, qualitative results regarding kinetic and dynamic information can be extracted.
The initial conditions of the simulations were chosen in line with the experimental conditions. 19 The portion of the C−Br photofission P(E T ) that produces radicals with enough internal energy to surmount reaction barriers is shown in Figure 3 . We chose three representative recoil translational energies between the Br and CD 2 CD 2 OH fragment equally spaced along the distribution. The angular momentum distributions were then determined for all translational energies sampled. We limited our investigation to radicals produced from the photodissociation of two representative conformers of 2-bromoethanol-d 4 , a trans conformer (Tt) and a gauche conformer (Gg). Given that each recoil translational energy along the P(E T ) has a corresponding distribution of angular momenta P(J), any attempt to sample all combinations of translational energy and angular momentum would simply be intractable. Therefore, a representative angular momentum was chosen from each P(J) for each E T and precursor geometry. These initial conditions were chosen as input for our simulations (see Table 1 ). Given the E T and angular momentum, the rotational energy was subsequently determined, with the remaining total energy partitioned into vibrational degrees of freedom. Choosing these six selected pairs of J and E int allowed us to determine the dependence of the dynamics on those variables with enough trajectories at each to obtain good statistics.
The energy conservation relation for our experiments, which equates the energy of the incident photon and ensemble averaged internal vibrational energy of the parent molecule (assumed to be at thermal equilibrium with the nozzle temperature but with the assumption that rotational degrees of freedom are cooled in the supersonic expansion) to the energy distribution in the electronic, vibrational, and rotational degrees of freedom, contains several values that do not change regardless of the recoil translational energy chosen. The energy of the photon, hν, is 148 kcal mol −1 , the average precursor vibrational energy above zero point is approximately 2.5 kcal mol −1 , the bond energy of the C−Br bond is approximately 71 kcal mol −1 , and the departing bromine atom is assumed to be in its ground spin−orbit state, E( 2 Br 3/2 ) = 0.0 kcal mol −1 for our inputs (experimentally, the Br atom is formed in it first excited spin−orbit state ∼20% of the time; however, we assume the ground state for simplicity). The remaining initial conditions can be seen in Table 1 .
Velocities corresponding to vibrational motion were microcanonically sampled and scaled to the proper internal energy, adding zero-point energy of 36.1 kcal/mol to the E int in Table  1 . The orthogonal rotational degrees of freedom corresponding to instantaneous rotation were determined by J ⃗ = r⃗ × μν⃗ rel from the experimentally measured translational energy distribution and the parent molecule's equilibrium geometry. The initial angular momentum is related to the rotation axis by the molecule's inertia tensor. From here, the instantaneous tangential component of the angular velocity is determined, in the center of mass reference frame, by the cross-product of the angular velocity with each atom's position:
A series of 5000 trajectories were run for each set of initial conditions including one set of 6000 trajectories where the angular momentum was explicitly removed for comparison purposes. Each was propagated using a standard velocity−verlet integration scheme, with a time step of 5 au, for approximately 12 ps or until the distance between any two atoms exceeded 12 Bohr radii. Trajectories violating conservation of energy by a significant fraction (approximately 1 kcal mol
) were discarded (although the vast majority of simulations conserved energy well), and the angular momentum was tracked throughout with the system conserving J to within 1 au.
c. Sketch Map and IRC. The sketch-map procedure has been outlined in detail and applied to many diverse systems previously so only a short summary will be provided. 31−33 The method is related to multidimensional scaling (MDS); it generates a map from a high-dimensional representation of the atomic configurations (represented with upper case coordinates in the following section) to a much lower dimensional space (represented with lower case coordinates in the following section). The lower dimensional space is much easier to visualize and interpret. A set of representative high-dimensional geometries {X i } (landmarks) are selected, and their lowdimensional projections {x i } are optimized in such a way that the Euclidian distances, r ij = r i − r j , match as well as possible the distances between the corresponding high-dimensional landmarks R ij = R i − R j . In practice this operation involves the iterative minimization of an objective function of the form Tt conformer Gg conformer 
Sketch map differs from conventional MDS in that the distances R ij and r ij , in the high-and the low-dimensional representations, respectively, are transformed by sigmoid "filter" functions using eq 1.4 and eq 1.5:
Thus, the modified objective function
(1.6) used for the iterative minimization procedure aims at guaranteeing that landmarks which are closer together than the threshold σ will be projected close to each other and that vice versa pairs of landmarks which are farther apart than σ will be mapped to far apart projections. This is a much easier task than the distance matching procedure inherent in metric MDS. Once a set of landmarks and their projections have been obtained, it is possible to perform an out-of-sample embedding procedure that takes any atomic configuration, represented as a high-dimensional point, and maps it to the lower dimension space using the landmarks and their projections as references.
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When using sketch map, it is always advantageous to start from a high-dimensional description of the system that takes into account the most obvious symmetries, and the fundamental physical features of the problem at hand. In this case, for instance, we did not use the Cartesian coordinates of the atoms as the initial representation, but we associated to each atomic structure a 10-dimensional vector of coordination numbers. For selected pairs of atoms in the CD 2 CD 2 OH molecule (e.g., C−O, O−H, O−D, and C−D, etc.), the distance between the atoms was computed and transformed by a sigmoid function that yielded a value of one when the pair of atoms was chemically bound and a value of zero when the bond was clearly cleaved, interpolating smoothly between these extremes for intermediate, stretched configurations of the bond.
From the set of 10-dimensional vectors corresponding to the configurations visited in the various trajectories, 250 landmarks were selected with a min−max procedure 31 and were then mapped to 2 dimensions using the sketch-map algorithm, using sigmoid functions with the parameters σ = 0.5, A = B = b = 4, and a = 1. The parameter σ was chosen to be large enough to ignore vibrational motion in a locally bound region of the potential energy surface but small enough to differentiate between geometries en route to other local minima or product asymptotes. In addition to using the sketch-map procedure, the transition states and IRCs for all dissociation pathways were projected in sketch-map variables and plotted on top of the sketch-map landmark geometries. Further details are given in the Supporting Information.
■ RESULTS AND DISCUSSION a. Predicting the P(E) T for OH + C 2 D 4 Dissociation. The experimental translational energy distribution for the secondary dissociation leading to OH + deuterated ethene is given in Figure 4 . The distribution peaks at approximately 8−9 kcal mol −1 and shows a long tail that extends to roughly 35 kcal mol −1
. The main feature peaks far from 0 kcal mol −1 not because there are repulsive forces along the reaction coordinate leading toward OH + ethene but because the dissociating CD 2 CD 2 OH adduct has high angular momentum imparted to it when formed photolytically from the brominated precursor. The tangential velocity in the nascent rotating radical adduct results in the high relative velocity measured between the OH + ethene fragments. In order to attempt to predict the translational energy distribution imparted to these two fragments using the calculated distribution of angular momenta in the nascent radicals, we ran 5000 trajectories corresponding to radicals generated from the Tt conformer of the parent molecule with 29 kcal mol −1 of translational energy and 127 atomic units in angular momentum. For comparison, we also ran 6000 trajectories with no angular momentum but with vibrational energy of 39.2 kcal mol −1 matching that of the Tt conformer with E T = 29 kcal mol −1 . The resulting theoretically predicted translational energy distributions for the high angular momentum and zero angular momentum cases can be seen in Figure 5 . The J = 127 au distribution is shown in solid circles and peaks near 9 kcal mol −1 , while the J = 0 au distribution is shown in open circles and peaks near 2 kcal mol −1 . One can readily see that the high angular momentum distribution more closely matches the experimental P(E T ) for the majority of the distribution from 0 to 15 kcal mol −1 but is still slightly underfit on the fast edge. However, the experimental distribution is convolved over various conformations of the precursor, and each dissociating radical can have any number of angular momenta depending on the translational energy of the departing bromine atom relative to the radical. Most likely the high kinetic energy shoulder on the experimental P(E T ) is due to multiphoton product channels contributing to the experimental spectrum. There may also be some contribution from high angular momenta imparted to the radical, but theoretical predictions will not be able to match experiment since we did not execute trajectories corresponding to the extremes of the angular momentum distributions.
It should be noted that a significant fraction of the OH and ethene fragments used to predict the distribution did not have the necessary minimum zero-point energy. Originally, the fragments were required to have proper zero-point energy; however, the P(E T ) distributions were virtually unchanged when this condition was relaxed. Therefore, in order to predict the distribution with better precision, we have chosen not to discard those trajectories that violate zero-point energy for this analysis.
b. Lifetimes and Rate Constants of CD 2 CD 2 OH Disappearance. One of the most surprising results from this study was how quickly the trajectories dissociated for high angular momentum cases relative to those with zero. With J = 127 au, roughly 65% of all trajectories dissociated within 12 ps; however, with J = 0 au and the same amount of internal energy in vibration at the equilibrium geometry of the radical, only about 35% of those trajectories dissociated in the same time frame. This increased reaction rate upon introduction of rotational energy comes from rovibrational coupling. In a classical view, as the molecule explores the potential energy surface, its geometry (and therefore its inertia tensor) changes drastically. Under the condition that the molecule experiences no external torques, the angular momentum must remain constant; thus, the changing inertia tensor greatly affects the rotational energy of the molecule. The changing energy is either borrowed from or stored in the vibrational degrees of freedom. Therefore, in a sense, the rotational energy serves as a storehouse for additional vibrational energy that the molecule can use to surmount various reaction barriers as it proceeds along a specific intrinsic reaction coordinate.
According to statistical rate theories, the unimolecular decomposition of CD 2 CD 2 OH should follow first-order kinetics given by
The number of molecules left after time, t, denoted as N(t), can also be expressed as an integral over the distribution of dissociated radicals as a function of time (eq 2.2), known as P(t).
Using these two relations and binning the distribution of dissociated trajectories with respect to time, one can use nonlinear regression methods in order to determine τ, the lifetime associated with each initial condition. (In the fits, we let N tot. adjust to just under 5000 or 6000, respectively, to exclude the small number of directly dissociating trajectories observed at very short times.) The lifetime is inversely related to the rate constant, both of which are reported in Table 2 for each of our initial conditions. The lifetimes range from 14.9 ps for those radicals generated with high vibrational energy from the Tt conformer to 47.1 ps for radicals created from the Gg conformer of the parent having low vibrational energy. As expected, the reaction rate increases as the energy partitioned into the vibrational degrees of freedom of the radical increases. To facilitate comparison of the data sets, we also generated initial conditions corresponding to the Tt conformer with E int = 59.0 kcal mol −1 and J = 127 au from which we then explicitly removed the angular momentum. In this way we could generate two sets of initial conditions which differ only in angular momentum. Surprisingly, the rate constant for J = 127 au was over twice as large (k J=127 = 6.72 × 10 10 s −1 ) as the J = 0 au case (k J=0 = 3.18 × 10 10 s
−1
). The plots used to determine these values can be seen in Figure 6 for the Tt conformers and in Figure 7 for the Gg conformers. The plot starting at 6000 trajectories corresponds to the no rotation case and has the same initial internal vibrational energy as the J = 127 au case. All other plots have varying internal energies and angular momenta; therefore, a direct comparison with the no rotation simulation should not be made.
c. Product Branching. It should be restated that the potential energy surface is currently unable to reproduce experimentally determined branching ratios. (While the experimental results give roughly an 75−80% branching to OH + ethene with the remainder divided between H + ethenol, methyl + formaldehyde, and vinyl + water, the J = 127, E int = 50.8 kcal mol −1 trajectories run for 12 ps gave a branching fraction of 99% to OH + ethene. [Note: Evidence for a very tiny branching to HD + vinoxy-d 3 products is given in the Supporting Information.]) This is most likely due to the use of B3LYP/cc-pVDZ for large portions of the surface. Although the Figure 5 . Two theoretically predicted P(E T )s. The filled circles show the J = 127 au distribution for those radicals formed from the Tt conformation of the parent molecule, 2-bromoethanol-d 4 . The open circles show the prediction for the radicals formed with no angular momentum. The P(E T ) predicted from the J = 127 radicals matches the experimentally derived distribution shown in Figure 4 much better than the prediction from the J = 0 radicals. stationary points were calculated at a higher level of theory (CCSD/cc-pVDZ), the majority of the surface was still calculated at a lower level. While this results in improved energetics near minima and transition states, the surface is still dominated by the density functional theory calculations, and the potential used throughout the investigation reflects this fact. A nudged-elastic-band 43−45 calculation was performed using 20 representative geometries from a reactive trajectory in order to determine the minimum energy path at the BLYP level of theory. The energetics of these geometries were recalculated at the B3LYP/6-311++G(3df,2p) level and checked against the fitted potential surface. Figure 8 shows the global fitted potential in red and the corresponding B3LYP calculations in black. The two calculations are nearly identical in the vicinity of the CD 2 CD 2 OH minimum (see Supporting Information for full details). However, as the molecule nears the transition state, differences of greater than 4 kcal mol −1 are observed, vastly changing the relative energetics between the reactant and product states. The B3LYP/6-311++G(3df,2p) energies are nearly 8 kcal mol −1 lower than those from the fitted surface for the asymptotic C 2 D 3 + HOD product state. The fitted surface seems to match high-quality G4//B3LYP/6-311++G(3df,2p) calculations better than simple B3LYP calculations. The main takeaway point from this analysis is to note the difficulty of characterizing the potential surface during bond breaking, especially en route to the H atom abstraction transition state. The energies were recalculated at CCSD/cc-pVDZ, and, in this region, the norm of the T1 vector is above 0.02 indicating that there is a large degree of multireference character in the molecular process; 46 therefore, multideterminantal methods Figure 6 . Plot of the number of trajectories left undissociated vs time in order to determine the first-order rate constants for the dissociation of CD 2 CD 2 OH, fully separating to form hydroxyl radical and ethene. The trajectories are for radicals from the Tt conformer of the parent. All four sets of initial conditions have different internal energies and different angular momenta imparted from the initial photodissociation event (see Table 1 ). The trajectory data (open circles) are fit (solid line) with the model described in the text, with the best fit given by the lifetimes and N(t=0) in Table 2 . The black circles show the no rotation case with the same internal vibrational energy at the radical's equilibrium geometry as the J = 127 au data shown in red, but no energy in rotation. The red and green circles show the trajectory data for radicals with 133.4 au and 139.5 au of angular momenta, respectively. Given the same vibrational energy at equilibrium geometry, the dissociation rate for radicals with high angular momentum is much faster than the J = 0 au simulations. Figure 7 . Number of trajectories, associated with radicals from the Gg conformer of the parent, which did not dissociate vs time. All three sets of initial conditions have different internal energies and different angular momenta imparted from the initial photodissociation event (see Table 1 ). The trajectory data (open circles) are fit (solid line) with the model described in the text, with the best fit given by the lifetimes and N(t = 0) in Table 2 Figure 8. Plot of the potential energy surface corresponding to the lower energy transition path from the CD 2 CD 2 OH minimum to HOD + C 2 D 3 , where the zero of energy is defined as the lowest energy from the B3LYP calculations. Sixteen images from a nudged-elastic-band calculation performed at BLYP level of theory were used as input for both the B3LYP (shown in black) and fitted (shown in red) potential energy calculations. While the two surfaces match near the minimum (corresponding to image 1), the two differ greatly as the OH fragment begins to move away and abstract a D atom with energetic differences as large as 7 kcal mol −1 (see Supporting Information for the NEB images). such as CASPT2 must be used in order to accurately capture the dynamics. Figure 2 shows the calculated intrinsic reaction coordinates (IRC) at the B3LPY/6-311++G(3df, 2p) level of theory for both the hydroxyl loss and water loss product channels. The black curve shows the energies calculated at this level of electronic structure theory with no added rotational energy, the J = 0 au case, while the red and blue curves represent the centrifugally corrected potentials for radicals produced from the Tt and Gg conformers of 2-bromoethanol-d 4 , respectively. The relative difference between the OH loss and D atom abstraction transition states is roughly 5 kcal mol −1 for J = 0 au; however, this difference shrinks to approximately 3 kcal mol −1 when one accounts for the difference in rotational energy of radicals from these conformers in the transition-state regions. This should increase the importance of the abstraction channel if the available energy above the now-centrifugally corrected barriers is still substantial, thus showing the effect that angular momentum can have on product branching. However in the experiment the total available energy is fixed, so although the centrifugally corrected potentials have more similar barrier heights, the available energy is reduced and one cannot infer that branching to the abstraction channel would necessarily increase. The same geometries along the IRC were used and the potential energy was calculated for all molecular geometries from the fitted potential. Similar centrifugal corrections for the Tt and Gg conformers were added to the IRCs and compared to the original B3LYP calculations. The difference between the hydrogen abstraction and hydroxyl loss transition states shrank by 2.5 kcal mol −1 for both the fitted potential and the B3LYP potential; however, the fitted potential was much higher in overall energy compared to the CD 2 CD 2 OH minimum. Figure  9 is a comparison to Figure 2 with the same color and marker coding, except the energies reported in Figure 9 were calculated using the fitted potential surface of Kamarchik et al. employed in the quasiclassical trajectories study presented. The majority of trajectories simply dissociated to form OH + ethene (∼99%) while the remaining 1% was split almost evenly among the remaining product channels with slight preference for D + ethenol.
d. Mechanism to HOD Loss. Elucidating the mechanism to vinyl plus water has proven to be complicated. Several attempts were originally made to find a concerted water loss transition state at the B3LYP/6-311++G(3df,2pd) level of theory that may explain this result. The transition state was recently calculated and is shown to abstract a hydrogen atom from the radical carbon (as seen in Figure 10) . First, the C−C− O angle contracts bringing the oxygen in close proximity to one of the deuterium atoms. The C−O bond then extends, and the vinyl radical fragment begins to flatten as the abstracted hydrogen begins to form a new bond with oxygen. This zeropoint corrected barrier from CD 2 CD 2 OH to this concerted water loss transition state is ∼74 kcal mol −1 at G4//B3LYP/6-311++G(3df,2pd), which is well outside the experimental parameters; the most energetic radicals only have ∼50 kcal mol −1 of internal energy. One looks instead to non-IRC dynamics to access the bimolecular abstraction transition state from the radical adduct. The potential energy surface shows a slight depression after hydroxyl radical loss, corresponding to a slightly stabilized hydrogen bonded complex whereby the hydrogen atom on the hydroxyl radical is loosely bound to the π-cloud on ethene. The portion of the potential surface sampled by the system en route to dissociation to OH + ethene is relatively flat, allowing the two fragments to explore a large number of orientations relative to each other. If the translational energy between the two fragments is large, the hydroxyl moiety will be virtually unaffected by the flat PES and will simply dissociate fully. If the translational energy is sufficiently low, however, this flat section of the surface can frustrate the dissociation, and, in this flat region, the OH radical has two options: the hydroxyl radical Figure 2 showing the difference between the potential energy surface employed for trajectory calculations (this figure) and that of simple B3LYP (Figure 2) . The most interesting quality of the plots is the drastic change in relative energetics between the OH loss and D-atom abstraction channels, showing the fitted surface is very different from that of the B3LYP calculations. can add via an almost barrierless reaction back to ethene reforming the initial CD 2 CD 2 OH radical, or it can abstract one of the four equivalent deuterium atoms on the ethene to form HOD + vinyl-d 3 . While most of the leaving OH radicals in this study had the necessary translational energy to dissociate to OH + ethene, a small portion of them formed HOD + C 2 D 3 (with an unknown number that simply added back to the double bond). We were not able to assess the importance of the small van der Waals well along the OH + ethene IRC on these dynamics.
In an attempt to understand the complex motions that lead to this channel, several dimensionality reduction techniques were applied to the trajectories of interest with varying degrees of success. Sketch map proved to be the most successful and insightful of the techniques we tried. The sketch-map projections of 250 landmarks obtained from five representative trajectoriesone for each product channel we considered can be seen in Figure 11 . Since the coordinates of the projections obtained with this method cannot be associated with physical coordinates in a straightforward manner, we superimposed on the map in Figure 11 This representation demonstrates that sketch map is capable of separating clearly the different reaction channels, giving a concise visual representation of the dissociation pathways of CD 2 CD 2 OH. Furthermore, visualizing IRCs using sketch map helps to extract physical insight when the trajectories are similarly mapped; one can see how much dynamical trajectories deviate from the minimum energy path, andas we will discuss in more detail belowone can see that trajectories leading to OH + CD 2 CD 2 and to HOD + C 2 D 3 branch out after having visited initially a very similar set of configurations.
As described previously, many attempts were made to find a low-lying transition state that might explain such high branching to the water channel. However, most transition state finding algorithms employ steepest-descent methods that have trouble with reaction paths that bifurcate in phase space. As our pathway of interest initially follows the same reaction path as hydroxyl radical loss before the dynamics turn to abstract a deuterium atom, it is possible that our system has such a bifurcation. In such a case, the only HOD + vinyl loss transition state that could initially be located with Hessian based IRC methods might be the traditional one along the OH + ethene to HOD + vinyl IRC if the path to the CD 2 CD 2 OH is less steep than the abstraction TS. However, on the basis of exoergicities alone, one would have expected the path from the abstraction transition state to CD 2 CD 2 OH to have a steeper descent than the one to OH + ethene, so it is unlikely that we have missed an HOD + vinyl IRC resulting from a simple bifurcation.
The three plots used to elucidate the dynamics of the actual pathway leading to HOD + vinyl from the CD 2 CD 2 OH dissociation can be seen in Figure 12 . The top plot shows five representative trajectories reduced to values in sketch map and colored according to the distance between the hydroxyl carbon and the oxygen, the middle plot shows the same five trajectories but colored according to the interatomic distance between the hydroxyl carbon and the abstracted deuterium atom, and the bottom plot is colored according to the distance between the hydroxyl carbon and the hydrogen atom bound to oxygen. Since each point in the sketch-map representation corresponds to a particular molecular configuration, the three plots can be directly compared. Therefore, it can easily be seen that the first step en route to HOD + vinyl must be elongation of the carbon−oxygen bond. Shortly thereafter, the distance between the oxygen and abstracted deuterium atom shortens, which indicates that water loss is preferred to hydroxyl radical dissociation if the oxygen atom happens to pass near one of the four deuterium atoms. After the O−D distance has shortened significantly, the same deuterium atom finally separates fully from the carbon atom leaving HOD and C 2 D 3 . It seems from this analysis that one determining factor separating HOD loss from OH loss is simply proximity of a deuterium atom to the passing oxygen, as long as the OH has left with sufficiently low relative velocity to linger close to the ethene moiety and abstract a D atom. In Figure 13 In the prior quasiclassical trajectory study of this system, Kamarchik et al. 20 were able to roughly characterize the internal energy distribution for J = 0 au trajectories of the departing vinyl fragment by listing the fraction of radicals produced with quantum number greater than zero. It was found that the lowfrequency bending modes were more likely to be excited than the high-frequency stretching modes. Our similar plot, Figure  14 , shows that the high angular momentum has little effect on the vinyl product state vibrational energy distribution with the low-lying bending modes more heavily excited than the highfrequency stretching modes. In comparison to Kamarchik's results which showed roughly equal probability for the first six normal modes (ν 1 −ν 6 ) being formed in a vibrationally excited state with the remaining three modes (ν 7 −ν 9 ) having much smaller probability of excitation, our results show that vinyl radical is very likely to be formed in a vibrationally excited state of the first two modes with diminishing probability for the remaining seven when high angular momentum is considered. Unfortunately, we were only able to recover a small number of simulations ending in the vinyl + water product channel; therefore, the results are not adequate enough to run statistical analysis. However, it can clearly be seen that the dissociated vinyl fragment is likely to have the lower energy modes excited versus the high-energy ones.
■ CONCLUSION
We have undertaken a multiyear long investigation of the main addition adduct of the bimolecular collision between hydroxyl radical and deuterated ethene, CD 2 CD 2 OH. Using a combination of velocity map imaging and crossed-laser molecular beam scattering experiments, we concluded that upon photodissociation of the brominated precursor the nascent radicals with sufficient internal energy dissociated to form water plus vinyl radical approximately 20% of the time, in direct disagreement with RRKM predictions. In 2010, Kamarchik et al. undertook a theoretical investigation of the corresponding hydrogenated radical by constructing the global PES and using quasiclassical trajectories. After 20 000 trajectories, they reported a modest branching to the channel of interest (approximately 1%), which they attributed to an unexpected roaming pathway.
We have performed a similar investigation using the same fitted PES of Kamarchik et al. We applied our impulsive model for rotational energy partitioning, explicitly examining the effects of high angular momentum on the product branching and dissociation dynamics. Using the two most stable conformers of the parent geometry, the Tt and Gg conformations, and the experimentally derived translational energy distribution, three angular momenta were determined for each and used as inputs in atomistic simulations. Although the branching to water plus vinyl was not able to be matched, some interesting insight into the effects of rotation was garnered. Chiefly, the added energy in rotational motion, typically assumed in simple models to be "unusable" to surmount transition barriers, has increased the rate of dissociation versus the case with no angular momentum. This interesting result is most likely attributed to rovibrational coupling, as the relevant dissociation transition states conserve angular momentum but in doing so have less energy in rotation. At present, however, the fitted PES is not able to reproduce the experimental branching ratios.
We applied the sketch-map dimensionality reduction technique in order to back out mechanistic information leading to the water + vinyl product channel. By plotting the IRCs and transition states on the projections of the landmark geometries and coloring all trajectories dissociating to water plus vinyl according to particular interatomic distances, we were able to conclude that the mechanism proceeds via a bimolecular collision-like lowest energy pathway. First, the OH moiety starts to separate from the C 2 D 4 fragment elongating the C−O bond until a flat portion of the potential surface is reached. Following, the distance between oxygen and one of the four equivalent deuterium atoms on ethene is shortened, and finally the soon-to-be-broken C−D bond elongates, thus terminating at water and vinyl radical. The bifurcation of the trajectories between these two product asymptotes is correlated with the C−D−O bond angle in the critical portion of the dynamics.
In this investigation, we have been able to provide validation of our impulsive model by comparing the theoretically predicted P(E T ) for the J = 0 au and J = 127 au cases for CD 2 CD 2 OH forming OH + C 2 D 4 to the experimentally derived distribution. However, in order to provide adequate validation, more research is required. Similarly, the experimental branching fraction of roughly 20% to the water + vinyl product channel was not reproduced in this study; the surface would need to be greatly improved to provide adequate branching ratios, which would require substantial computational cost. Although the source of the large contribution from the water + vinyl product channel is still unresolved, the present study yields substantial insight into the rotational energy partitioning of the nascent radicals and the mechanism leading to the water + vinyl products observed experimentally.
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